Little JP, Safdar A, Cermak N, Tarnopolsky MA, Gibala MJ. Acute endurance exercise increases the nuclear abundance of PGC-1␣ in trained human skeletal muscle. Am J Physiol Regul Integr Comp Physiol 298: R912-R917, 2010. First published January 27, 2010 doi:10.1152/ajpregu.00409.2009.-Peroxisome proliferator-activated receptor gamma coactivator (PGC-1␣) is a transcriptional coactivator that plays a key role in coordinating mitochondrial biogenesis. Recent evidence has linked p38 MAPK and AMPK with activation of PGC-1␣. It was recently shown in rodent skeletal muscle that acute endurance exercise causes a shift in the subcellular localization of PGC-1␣ from the cytosol to the nucleus, allowing PGC-1␣ to coactivate transcription factors and increase mitochondrial gene expression, but human data are limited and equivocal in this regard. Our purpose was to examine p38 MAPK and AMPK activation, and PGC-1␣ protein content in whole muscle, cytosolic, and nuclear fractions of human skeletal muscle following an acute bout of endurance exercise. Eight trained men (29 Ϯ 3 yr; V O2peak ϭ 55 Ϯ 2 ml·kg Ϫ1 ·min Ϫ1 ) cycled for 90 min at ϳ65% of V O2peak and needle biopsy samples (vastus lateralis) were obtained before and immediately after exercise. At rest, the majority of PGC-1␣ was detected in cytosolic compared with the nuclear fractions. In response to exercise, nuclear PGC-1␣ protein increased by 54% (P Ͻ 0.05), yet whole muscle PGC-1␣ protein was unchanged compared with rest. Whole muscle and cytosolic p38 MAPK phosphorylation increased severalfold immediately after exercise compared with rest (P Ͻ 0.05). Acetyl CoA carboxylase (ACC) phosphorylation, a marker of AMPK activation, was increased by ϳ5-fold in cytosolic fractions following exercise (P Ͻ 0.05). These data provide evidence that, in human skeletal muscle, activation of cytosolic p38 MAPK and AMPK may be potential signals that lead to increased nuclear abundance and activation of PGC-1␣ in response to an acute bout of endurance exercise. mitochondrial biogenesis; muscle adaptation; p38 MAPK; AMPK ONE OF THE MOST PROMINENT adaptations to endurance exercise training is an increase in skeletal muscle mitochondrial size and density (12). A training-induced increase in mitochondrial content is associated with reduced risk for several chronic diseases, likely due, in part, to an enhanced ability to oxidize carbohydrate and lipid (11). In contrast, decreased mitochondrial volume and a reduced capacity for substrate oxidation have been linked to obesity (14), insulin resistance (27), aging (26), and Type 2 diabetes (33). Increasing skeletal muscle mitochondrial content through exercise training may, therefore, represent a key strategy in the prevention and treatment of chronic diseases (10, 13, 25) . Elucidating the molecular mechanisms that promote exercise-induced mitochondrial biogenesis is thus an important area of scientific investigation with significant therapeutic applications.
ONE OF THE MOST PROMINENT adaptations to endurance exercise training is an increase in skeletal muscle mitochondrial size and density (12) . A training-induced increase in mitochondrial content is associated with reduced risk for several chronic diseases, likely due, in part, to an enhanced ability to oxidize carbohydrate and lipid (11) . In contrast, decreased mitochondrial volume and a reduced capacity for substrate oxidation have been linked to obesity (14) , insulin resistance (27) , aging (26) , and Type 2 diabetes (33) . Increasing skeletal muscle mitochondrial content through exercise training may, therefore, represent a key strategy in the prevention and treatment of chronic diseases (10, 13, 25) . Elucidating the molecular mechanisms that promote exercise-induced mitochondrial biogenesis is thus an important area of scientific investigation with significant therapeutic applications.
Peroxisome proliferator-activated receptor gamma coactivator (PGC)-1␣ has emerged as a central regulator of mitochondrial biogenesis and is proposed to be important in the adaptive response of skeletal muscle to exercise training (15, 36) . PGC-1␣ is a transcriptional coactivator that binds to and coactivates a number of transcription factors, including nuclear respiratory factors 1 and 2, myocyte enhancer factor 2 (MEF2), and estrogen-related receptor ␣, allowing for coordinated expression of several genes that promote a functional increase in mitochondrial content (19) . The potential importance of PGC-1␣ in skeletal muscle adaptation to training is highlighted by the robust increase in PGC-1␣ mRNA following acute endurance exercise (e.g., 16, 21, 36) . It has generally been assumed that an increase in PGC-1␣ expression mediates the increase in mitochondrial biogenesis (1, 21, 28) ; however, there are equivocal data regarding the time course of this adaptive process (8, 21, 36) , and recent evidence suggests that activation of existing PGC-1␣ may mediate the initial phase of the exercise-induced increases in skeletal muscle mitochondria (36) . Wright et al. (36) showed in rodents that 2 h of endurance exercise caused a shift in PGC-1␣ subcellular localization from the cytosol to the nucleus but did not increase whole muscle PGC-1␣ protein content. The increase in nuclear abundance of PGC-1␣ was accompanied by increased transcription factor docking to mitochondrial gene promoters and an increase in mitochondrial gene transcription. This shift in PGC-1␣ subcellular location could allow for a rapid upregulation of mitochondrial gene transcription, without the need for increasing total PGC-1␣ protein content (36) .
The primary purpose of the present study was to examine PGC-1␣ protein content in the whole muscle, cytosol, and nucleus following an acute bout of endurance exercise in humans. We hypothesized that exercise would increase the nuclear abundance of PGC-1␣ but that whole muscle PGC-1␣ would remain unchanged. To help elucidate potential molecular mechanisms responsible for PGC-1␣ activation, we also measured p38 MAPK and AMPK activation. p38 MAPK activates PGC-1␣ in vitro (6, 18) and was recently shown to be essential for the exercise-induced increase in PGC-1␣ and mitochondrial gene transcription (16) . AMPK activity is increased following exercise and has been shown to phosphorylate and activate PGC-1␣ (17) and induce mitochondrial biogenesis (4, 15, 17) .
METHODS

Subjects
Eight healthy men (29 Ϯ 3 yr; 79 Ϯ 3 kg; 181 Ϯ 2 cm) with a background in either road cycling, triathlon, or duathlon were re-cruited for the study. All subjects had Ն3 years of experience in their respective sport (mean 4.8 Ϯ 2.3 yr) and were participating in Ն5 h of cycling training per week at the time of the study (mean ϭ 12.5 Ϯ 6.8 h, or ϳ350 Ϯ 150 km cycling per week). Their peak oxygen uptake (V O2peak) determined using an on-line gas collection system (Moxus Modular V O2 System, AEI Technologies, Pittsburgh, PA) during a ramp test to exhaustion on an electronically braked cycle ergometer (Excalibur Sport V2.0; Lode BV, Groningen, The Netherlands), was 55 Ϯ 2 ml·kg Ϫ1 ·min Ϫ1 . After being advised of the purpose and potential risks of the study, all subjects provided written informed consent. The project was approved by the Hamilton Health Sciences/Faculty of Health Sciences Research Ethics Board and adhered to the principles set forth by the Declaration of Helsinki.
Exercise Intervention
Several days following a short (15 min) familiarization ride to establish the appropriate workload setting to elicit ϳ65% individual V O2peak, subjects reported to the laboratory in the morning 2-3 h following a habitual breakfast of their own choosing. The area of the lateral aspect on one thigh was prepared for the extraction of needle biopsy samples from the vastus lateralis muscle, as previously described (7) . After a resting biopsy sample was obtained, subjects commenced cycling for 90 min at an intensity that elicited ϳ65% V O2peak. A second needle biopsy sample was obtained immediately following exercise (within 1 min) from a separate incision site spaced at least 2 cm from the resting biopsy site. All biopsy samples were immediately frozen by placing the sample in liquid nitrogen. One piece was freeze-dried, powdered, and dissected free of all nonmuscle elements for analyses of muscle glycogen (details below).
Muscle Analyses
Preparation of whole cell lysates. Approximately 30 -40 mg of frozen wet muscle was homogenized on ice using glass-on-glass homogenizers in 10 volumes of buffer (25 mM Tris, 160 mM Na 3VO4, 1 mM NaF, 40 mM glycerolphosphate, 20 mM Na pyrophosphate, 0.5% Triton X-100) supplemented with protease inhibitors (Complete Mini, Roche Applied Science, Laval, PQ, Canada). Homogenates were centrifuged at 15,000 g for 10 min, and the supernatant was taken as the whole cell lysate. Whole cell lysates were prepared for all 8 subjects.
Preparation of nuclear and cytsosolic extracts. Nuclear and cytosolic fractions were prepared using a Pierce NE-PER nuclear extraction kit (Pierce, Rockford, IL). Briefly, ϳ30 -40 mg frozen wet muscle was homogenized in CER-I buffer containing protease and phosphatase (PhosSTOP, Roche Applied Science, Laval, PQ, Canada) inhibitors using an electronic homogenizer (Pro 250, Pro Scientific, Oxford, CT). Cytosolic fractions were prepared according to the instructions provided with the kit. Pellets containing nuclei were washed four times in PBS to remove cytosolic contaminating proteins before nuclear proteins were extracted in NER buffer supplemented with inhibitors, according to manufacturer's instructions. Sufficient biopsy material was available to prepare nuclear fractions and perform subsequent protein analyses in the cytosolic and nuclear fractions from four subjects. Purity and enrichment of nuclear fractions are demonstrated in Supplemental Fig. 1 . Nuclear matrix protein p84 (p84) was abundant in nuclear fractions but absent in cytosolic fractions. Conversely, the cytosolic protein lactate dehydrogenase was abundant in cytosolic fractions but absent in nuclear fractions.
Western blot analysis. Protein concentrations of the whole cell, cytosolic, and nuclear fractions were determined using a commercial assay (bicinchoninic acid protein assay, Pierce, Rockford, IL). Equal amounts of protein (5-20 g, depending on the protein of interest) were loaded onto 7.5-10% SDS-PAGE gels and separated by electrophoresis for 2 h at 100 V. Proteins were transferred to nitrocellulose membranes for 1 h at 100 V. Membranes were blocked at room temperature by incubating in 5% fat-free milk TBS-Tween. Blots were then incubated with primary antibodies overnight at 4°C in 3% fat-free milk or fatty acid-free BSA. PGC-1␣, phosphorylated p38 MAPK (threonine-180/tyrosine-182), total p38 MAPK, phosphorylated AMPK (threonine-172), and phosphorylated acetyl CoA carboxylase (ACC) (serine-79), antibodies were from Cell Signaling Technology (Beverly, MA). Total AMPK␣2 antibody was from Upstate (Lake Placid, NY). After incubation in anti-rabbit secondary antibody for 1 h at room temperature, proteins were detected by chemiluminescence (Supersignal West Dura, Pierce) and quantified by spot densitometry using Fluorochem SP Imaging system and software (Alpha Innotech, San Leandro, CA). After probing for p-p38 MAPK and p-AMPK, blots were stripped with Restore Western blot stripping buffer (Pierce), washed, reblocked, and probed for total p38 MAPK and total AMPK␣2. Band intensities were corrected to whole lane Ponceau S staining using Image J software (National Institutes of Health). Preliminary experiments confirmed a proportional linear relationship between protein loaded and Ponceau whole lane quantification between 5 and 20 g, demonstrating the suitability of this method to control for loading. TATA box binding protein (Abcam, Cambridge, MA) was used to control for nuclear protein yield between rest and exercise samples.
Muscle glycogen. Glycogen was hydrolyzed to glucosyl units by incubating ϳ2 mg of freeze-dried, powdered muscle in 500 l 2.0 N HCl for 2 h at 100°C. Following neutralization with an equal volume of 2.0 N NaOH, muscle glucose was determined using a fluorometric enzymatic assay (24) .
Statistical analyses. All data were analyzed using Student's paired t-tests with significance set at P Յ 0.05 (SigmaStat v3.10).
RESULTS
PGC-1␣
At rest, the majority of PGC-1␣ was present in the cytosol. When quantified, there was ϳ4 times as much PGC-1␣ detected in cytosolic compared with nuclear fractions prepared from resting human skeletal muscle biopsy samples (Fig. 1A) . Nuclear abundance of PGC-1␣ was ϳ54% higher immediately after exercise compared with rest (P ϭ 0.03, Fig. 1B) . Exercise had no effect on nuclear protein yield, as assessed by the abundance of TATA box binding protein (3.36 Ϯ 0.4 vs. 3.01 Ϯ 0.4 au, rest vs. exercise; P ϭ 0.39, Fig. 1F ). There was no difference in PGC-1␣ measured in cytosolic fractions between rest and exercise (P ϭ 0.57, Fig. 1C) . Similarly, total PGC-1␣ protein content remained unchanged after exercise compared with rest (P ϭ 0.46, Fig. 1D) . Specificity of the PGC-1␣ antibody is demonstrated in Fig. 1E .
p38 MAPK
Exercise increased phosphorylation of p38 MAPK at the whole muscle level (ϳ4.7-fold, P ϭ 0.03, Fig. 2A ). The activation appeared to occur in the cytosol as p38 MAPK was detected in cytosolic but not nuclear fractions (Fig. 2B) . When quantified, the increase in cytosolic p-p38 MAPK in response to exercise was statistically significant (approximately twofold, P ϭ 0.048, data not shown).
AMPK and ACC
Whole muscle AMPK phosphorylation tended to be increased following exercise (0.42 Ϯ 0.1 vs. 0.83 Ϯ 0.5 au, rest vs. exercise; P ϭ 0.08). To further evaluate AMPK activation, we measured serine-79 phosphorylation of ACC, a direct downstream target of AMPK. There was a significant increase in ACC phosphorylation in whole muscle fractions (ϳ2.9-fold, P Ͻ 0.001, Fig. 3A) . To elucidate where this activation occurred, we measured ACC phosphorylation in cytosolic and nuclear fractions. There was an increase in ACC phosphorylation in the cytosol (ϳ5-fold, P ϭ 0.002) and ACC was not detected in nuclear fractions (Fig. 3B) .
Muscle Glycogen
Ninety minutes of endurance exercise reduced muscle glycogen concentration by ϳ54% (572 Ϯ 51¡280 Ϯ 56 mmol/kg dry weight; P Ͻ 0.001).
DISCUSSION
We report here for the first time that an acute bout of endurance exercise increased the nuclear abundance of PGC-1␣ in human skeletal muscle. At rest, the majority of PGC-1␣ resided in the cytosol and in response to exercise, whole muscle PGC-1␣ was unchanged. These findings are consistent with recent work conducted on rodents that indicates that endurance exercise might affect the subcellular distribution of PGC-1␣ by targeting PGC-1␣ for the nucleus (36) . To gain insight into the potential mechanisms that might regulate this response, we measured activation of p38 MAPK and AMPK, two kinases that have been shown in cell culture experiments to directly phosphorylate PGC-1␣ (6, 17, 18) and are known to be activated by acute exercise. Our results provide evidence for increased activation of p38 MAPK and AMPK in the cytosol in response to exercise. These findings provide the first evidence in humans that activation of p38 MAPK and AMPK may be potential signals that lead to increased nuclear abundance and activation of PGC-1␣ in response to an acute bout of endurance exercise. As originally proposed by Wright and colleagues (36) , this process could represent the first phase of exerciseinduced mitochondrial biogenesis, which is mediated by redistribution of PGC-1␣ into the nucleus. Subsequent activation of the PGC-1␣ promoter by activating transcription factor-2 (1) and transcription factors that are coactivated by PGC-1␣, such as MEF2 (9, 22) , leads to a second phase of adaptation characterized by an increased expression of PGC-1␣ and higher protein content, which could serve to sustain the increase in mitochondrial content.
In vitro, p38 MAPK can phosphorylate PGC-1␣ at three sites (Thr263, Ser266, and Thr299 on the human protein) (6) , which has been shown to stabilize PGC-1␣ and disrupt its association with the repressor protein p160 myb binding protein (6, 18). Inhibiting p38 MAPK abolishes the exerciseinduced increase in PGC-1␣ and mitochondrial gene transcrip- tion, indicating a crucial role for p38 MAPK in the muscle adaptive response (16) . Our findings provide preliminary evidence to suggest that exercise-induced activation of p38 MAPK in the cytosol could be a signal that activates PGC-1␣, perhaps by targeting it for nuclear translocation. PGC-1␣ protein is thought to be rapidly turned over (2, 23, 29) and therefore increased stability of PGC-1␣ could have also contributed to our ability to detect an increase in nuclear abundance. Indeed, cell culture experiments demonstrate that p38 MAPK-mediated phosphorylation of PGC-1␣ can increase the half-life from ϳ2.28 to ϳ6.27 h (29). Further research is needed to confirm whether p38 MAPK phosphorylates PGC-1␣ in vivo and if so, in which cellular compartment the potential interaction occurs. Unfortunately, phospho-specific PGC-1␣ antibodies are not commercially available and our attempts to assess PGC-1␣ phosphorylation status using phosphorylated threonine/serine specific antibodies following immunoprecipitation were unsuccessful.
Recently, Jäger and colleagues (17) demonstrated that AMPK can activate PGC-1␣ by direct phosphorylation of the threonine-177 and serine-538 residues. Subsequently, Canto et al. (4) provided evidence that AMPK-mediated phosphorylation of PGC-1␣ was involved in the early adaptive response to exercise in mouse skeletal muscle. These authors proposed a model, whereby phosphorylation of PGC-1␣ by AMPK following exercise allowed for SIRT1-mediated deacetylation and full activation of mitochondrial and metabolic gene transcription (4). Because we saw a robust activation of ACC, a direct downstream target of AMPK, in cytosolic extracts, our results indicate that a potential interaction between AMPK and PGC-1␣ might occur in the cytosol. Definitive studies to characterize the complex regulation of PGC-1␣ will require experiments with pharmacological inhibitors and activators, genetic overexpression and ablation, and site-specific mutation of posttranslational modification residues on the PGC-1␣ protein. Experiments in this regard have already highlighted important aspects of PGC-1␣ regulation (4, 6, 18, 29) and can clearly only be done in animal and cell culture models. Human studies like ours are nevertheless important for demonstrating that potential regulatory mechanisms discovered in these studies are activated by exercise in vivo and therefore may be involved in human skeletal muscle adaptation.
Early studies in COS cells indicated that PGC-1␣ was localized to the nucleus (30), but subsequent data from skeletal muscle (2), brown adipocytes (31), fetal adipose tissue (20) , and developing neurons (5) provide evidence that PGC-1␣ may reside in both cytosolic and nuclear compartments. Altering the subcellular distribution of PGC-1␣ would be one mechanism to allow for rapid activation of mitochondrial and metabolic gene networks (2, 36) . In addition to the data in exercised rat skeletal muscle (36), Anderson et al. (2) recently demonstrated that acute exposure to oxidative stress caused a redistribution of PGC-1␣ from the cytosol to the nucleus in both NIH3T3 cells and mouse skeletal muscle. Our findings provide support that PGC-1␣ is expressed in both cytosolic and nuclear compartments in human skeletal muscle. At rest, the majority of PGC-1␣ is present in the cytosol, and acute exercise causes an increase in the nuclear abundance of PGC-1␣. The failure to detect a corresponding significant decrease in the cytosolic fraction is somewhat at odds with the notion of a translocation of PGC-1␣ from the cytosol to the nucleus. However, the distribution of PGC-1␣ among an abundance of other proteins in the cytosol may hinder the ability to detect a significant difference using differential centrifugation and Western blot analysis techniques. Furthermore, because we detected ϳ4 times as much PGC-1␣ in the cytosol compared with the nucleus at rest, it would be more difficult to detect a small decrease from the large cytosolic pool compared with a comparatively larger increase in the smaller nuclear pool in response to exercise. It, therefore, may be more sensitive to measure PGC-1␣ in nuclear fractions, increasing the ability to detect changes in relative abundance measured by Western blot.
The regulation of PGC-1␣ is complex and likely involves changes in subcellular localization, as well as mRNA stability and protein turnover. Adding to the complexity, recent cell culture evidence suggests that phosphorylation of PGC-1␣ by p38 MAPK not only activates the protein but also is required for its subsequent degradation via a pathway involving GSK 3␤ and the nuclear ubiquitin-proteasome system (23) . Although these latter findings need to be confirmed in skeletal muscle, they imply that PGC-1␣ is dynamically regulated and that PGC-1␣ might undergo degradation in the nucleus following its activation by p38 MAPK. In light our findings in human skeletal muscle and previous research demonstrating the dynamic regulation of PGC-1␣ subcellular distribution in other cell types (2, 5, 20, 31, 36) , measuring this protein in the nucleus, where it functions as a transcriptional coactivator, may be a more sensitive and relevant approach in studies examining PGC-1␣-related metabolic adaptation.
We are aware of one previous study that examined nuclear PGC-1␣ in human skeletal muscle. McGee and Hargreaves (22) reported that 60 min of moderate-intensity cycling exercise increased activation of PGC-1␣ in the nucleus (assessed via binding to the transcription factor MEF2), but nuclear abundance of PGC-1␣ was not altered. The reasons for this discrepancy are unclear but could be related to differences in the nature of the exercise stimulus (i.e., intensity or duration) or subject training status. Our subjects were cyclists and triathletes who had cycled regularly for Ն3 years and were training, on average, ϳ350 km/wk at the time of the study. McGee and Hargreaves (22) did not report information regarding their subjects' habitual activity levels, but it does not appear that they studied trained cyclists, and our subjects appear to have been more fit based on mean V O 2peak (55 Ϯ 2 vs. 47 Ϯ 2 ml·kg Ϫ1 ·min Ϫ1 ). Trained subjects have a higher skeletal muscle mitochondrial volume compared with untrained subjects, and thus, our subjects may have had higher basal levels of PGC-1␣ (3, 32) to sustain a higher basal mitochondrial content. It is possible that regulation of PGC-1␣ and mitochondrial gene transcription in response to exercise is dependent on training status, and perhaps an increase in nuclear PGC-1␣ is a more dominant mechanism of regulation in the trained state when total PGC-1␣ protein is already upregulated (3, 32) .
Consistent with the notion of an exercise-induced shift in PGC-1␣ subcellular location, total PGC-1␣ was unchanged following exercise in the present study despite a 54% increase in nuclear PGC-1␣. Our finding of no change in total PGC-1␣ following acute endurance exercise is consistent with some (35, 36) , but not all (21, 34), previous investigations. Recently, Mathai et al. (21) reported that whole muscle PGC-1␣ protein content was increased immediately following 2 h of exhaustive endurance exercise in humans and speculated that PGC-1␣ protein may increase during exercise to permit the coordinated increase in metabolic gene transcription that occurs during the immediate postexercise recovery period. The reasons for the differences between studies are not readily apparent but once again could be related to subject training status. Increases in nuclear PGC-1␣ may predominate in the trained subjects that we studied, whereas increasing total PGC-1␣ protein may be involved in the initial adaptive response in untrained subjects, such as those studied by Mathai et al. (21). The present study was not designed to address these issues, but future research examining potential differences between trained and untrained subjects may provide interesting insight into the regulation of PGC-1␣ and metabolic adaptation in skeletal muscle.
Perspectives and Significance
The present study indicates that acute endurance exercise results in an increase in nuclear PGC-1␣ in human skeletal muscle. This confirms previous findings in rodents and indicates that subcellular location of PGC-1␣ may be an important factor contributing to the increase in mitochondrial gene transcription following exercise (36) . The increase in nuclear PGC-1␣ was associated with activation of cytosolic p38 MAPK and AMPK. Given that the majority of PGC-1␣ is located in the cytosol at rest and that both p38 MAPK and AMPK have been shown to activate PGC-1␣ (6, 17, 18) , our results provide a degree of evidence that exercise-induced activation of these kinases in the cytosol may activate PGC-1␣, contributing to an increase in nuclear abundance. These findings provide important information regarding some of the potential mechanisms, whereby exercise may increase mitochondrial biogenesis via activation of PGC-1␣. Further research is required to confirm that p38 MAPK and AMPK phosphorylate and activate PGC-1␣ during endurance exercise in skeletal muscle in vivo and to further characterize the activation and subcellular localization of PGC-1␣ in response to exercise.
